The meiotic recombination gene Dmc1 on wheat chromosome 5D has been identified as a candidate for the maintenance of normal chromosome synapsis and crossover at low and possibly high temperatures.
Introduction
In plants, male reproductive development is highly sensitive to adverse environmental conditions including high and low temperatures (De Storme and Geelen 2014) . In wheat, the reproductive phase is more sensitive to high temperatures than the vegetative phase (Fischer and Maurer 1976) . This is also the case for low temperatures, with meiosis I identified as the most sensitive stage (Thakur et al. 2010) . High temperatures during reproductive development can have a negative impact on grain yield (Fischer and Maurer 1976; Fischer 1985; Wardlaw et al. 1989) , and even short periods of a moderately high temperature (20-24 hours at 30°C) during meiosis can reduce grain number (Saini and Aspinall 1982; Draeger and Moore 2017) . Grain yield is also reduced when low temperatures occur during the booting stage (Ji et al. 2017) , which broadly corresponds to meiosis (Barber et al. 2015) .
In cereal crops such as wheat, where grains are an important yield factor, stress-induced male sterility generally has a negative effect on crop yield and performance (De Storme and Geelen 2014) . In the UK and France in the mid-1980s, cold and wet weather during floral development in the wheat variety Moulin caused significant sterility, resulting in a reduction in grain yield of more than 70% (Law 1999 ). The dramatic falls in yield were thought to be a result of reduced fertility caused by the occurrence of low temperatures at meiosis. It was suggested that Moulin might carry specific alleles from diverse sources that made the wheat more sensitive to cold weather during meiosis.
Meiosis is essential for gamete formation in sexually reproducing organisms. In early meiosis, homologous chromosomes align next to each other as pairs and then, during synapsis, the pairs of homologs become linked tightly with each other through the polymerization of a protein structure called the synaptonemal complex (SC), which assembles between the paired chromosomes (Page and Hawley, 2004) . The SC has a ladder-like structure consisting of two chromosome axes and a central region. Its assembly can be tracked by immunolocalisation of the meiotic proteins ASY1, which interacts with the chromosome axes (Boden et al. 2009 ), and ZYP1, which is associated with the central region (Higgins et al. 2005; Khoo et al. 2012) . During zygotene the axes of the two homologs begin to become connected by the assembly of the central region between them. The axes are now called lateral elements. At pachytene the central structure links the homologs along their entire lengths and synapsis is completed. SC assembly is a highly temperature-sensitive process (Bilgir et al. 2013 ).
The SC is thought to provide the structural framework for meiotic recombination to take place.
During recombination, at least one crossover (CO) must form between each pair of homologs, to forge a physical connection between the chromosomes. These physical connections can be seen cytologically and are called chiasmata. COs enable genetic information to be exchanged between chromosomes and are also needed for accurate chromosome segregation and balanced gametes in the daughter cells. Once COs have fully formed (at pachytene), the SC is disassembled (at diplotene), at which point the homologs are only connected via their chiasmata. They remain connected until the chromosomes segregate at anaphase I.
In bread wheat, which is an allopolyploid with three homeologous (related) diploid genomes (AABBDD), COs only form between homologs and not between homeologs, ensuring that the three genomes behave as diploids during meiosis. Normally, at metaphase I, only ring bivalents (with two chiasmata) and occasional rod bivalents (one chiasma) are present. At metaphase I the bivalents align on the equatorial plate before segregating at anaphase I.
Correct pairing and segregation of homologs is vital for maintaining the stability and fertility of the genome. Errors in meiosis can lead to aneuploidy or infertility. High and low temperatures can induce a variety of meiotic aberrations in plants including changes in the frequency of chiasma formation (CO frequency) (Elliott 1955; Dowrick 1957; Bayliss and Riley 1972a; Higgins et al. 2012) . Reduction in chiasma formation at extremes of temperature is linked to disruption of chromosome synapsis. This can result in unpaired univalent chromosomes that segregate randomly during meiosis I or are lost completely (Bomblies et al. 2015) . Temperature-associated synapsis failure has been reported in plants at both low and high temperatures, but the temperature at which meiosis fails varies in different species (reviewed in Bomblies et al. 2015) . These temperature thresholds can also vary within a species where there are genotypic differences .
Chinese Spring is one of the more heat-sensitive wheat cultivars (Qin et al. 2008) and has been widely used to study the frequency of chiasma formation at low and high temperatures because different Chinese Spring genotypes respond differently to temperature extremes. At low temperatures, a reduction in chiasma frequency and an increase in chromosome univalence has been observed in Chinese Spring nullisomic 5D-tetrasomic 5B (N5DT5B) plants, which lack chromosome 5D and have two extra copies of 5B (Riley 1966; Bayliss and Riley 1972a) . Wheat has an optimum temperature range of around 17-23°C over the course of a growing season (Porter and Gawith 1999) . In N5DT5B plants, the frequency of chiasma formation is progressively reduced as the temperature rises above or falls below the optimum range (Bayliss and Riley 1972a) . At 15°C, chiasma frequency is greatly reduced in N5DT5B plants (Riley 1966) , and they exhibit pronounced chromosome pairing failure at 12°C, which leads to complete male sterility (Hayter and Riley 1967) . The reduced chiasma frequencies seen in N5DT5B plants at low temperatures occur because the chromosomes fail to pair during zygotene, though the temperature sensitive phase was found to be during premeiotic interphase, prior to DNA synthesis (Bayliss and Riley 1972b) .
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Chromosome pairing failure in N5DT5B is not a result of the extra dosage of chromosome 5B , so it was inferred that there must be a gene on chromosome 5D that stabilises chromosome pairing at low temperatures. This gene was named Ltp (Low temperature pairing) by Hayter and Riley (1967) . Ltp was further defined to the long arm of chromosome 5D (Hayter 1969) and later renamed Ltp1 (Queiroz et al. 1991) , but its exact location has never been mapped. It has been suggested that chiasma frequency also falls progressively in N5DT5B plants at temperatures of 30°C and above (Bayliss and Riley 1972a) , indicating that chromosome 5D may also be associated with high temperature tolerance. However, this suggestion was based on the scoring of only a few cells because exposure of the plants to high temperatures for three days made the chromosomes too sticky to score accurately. Grain number is also reduced much more in N5DT5B plants than in the wild type after exposure to 30°C during premeiosis and leptotene (Draeger and Moore 2017) .
The main aims of this study were to define Ltp1 to a small enough region on 5DL to enable the identification of a candidate gene for the low temperature pairing phenotype, and to determine whether tolerance to both high and low temperatures could be controlled by the same locus. The strategy for mapping Ltp1 was similar to the one used to map the Ph1 locus (Roberts et al. 1999; Griffiths et al. 2006 ) a major locus that promotes homolog synapsis and regulates crossover formation in wheat (Martín et al. 2014 (Martín et al. , 2017 . This had involved screening for gamma irradiation induced deletions on specific chromosomes in large populations of wheat. The work on Ph1 established the dose of gamma irradiation likely to give a good rate of deletion discovery. This strategy was applied in the current study to identify deletions of chromosome 5DL using chromosome specific markers.
Recent development of resources such as the Chinese Spring IWGSC RefSeq v1.0 genome assembly (International Wheat Genome Sequencing Consortium [IWGSC] 2018), the Wheat 820K Axiom® Breeders' Array probe set (Winfield et al. 2016 ) and the Ensembl Plants database (Bolser et al. 2016) facilitated the processes of mapping and candidate gene identification.
Materials and methods

Plant materials
Deletion lines were generated in bread wheat (Triticum aestivum L., 2n = 6x = 42) var. 'Chinese Spring' by gamma irradiation of 1000 seeds at the International Atomic Energy Agency, Vienna (500 seeds irradiated at 250Gy and 500 at 300Gy). M 1 deletion lines were self-fertilised. M 2 lines were genotyped using KASP (Kompetitive allele specific PCR) to identify plants with interstitial deletions of 5DL. These deletion mutants were exposed to 13°C for seven days to identify plants with asynaptic chromosomes at metaphase I of meiosis. Two other Chinese Spring derived genotypes were used as controls for the KASP genotyping and in the temperature treatment experiments, the standard euploid (wild type) form, (AABBDD) and the nullisomic 5D-tetrasomic 5B (N5DT5B) genotype, which lacks chromosome 5D. Chinese Spring with homozygous terminal deletions of chromosome 5DL were obtained from TR Endo, Kyoto University, Japan. These were 5DL-1, 5DL-2, 5DL-5, (Eppendorf, UK) using the following programme: Hotstart at 94°C for 15 min, followed by ten touchdown cycles (94°C for 20 s; touchdown from 65-57°C for 1 min, decreasing by 0.8°C per cycle) and then 30 cycles of amplification (94°C for 20 s; 57°C for 1 min). Fluorescent signals from PCR products were read in a PHERAstar microplate reader (BMG LABTECH Ltd.). If tight genotyping clusters were not obtained, an additional 5 cycles (94°C for 20 s; 57°C for 1 min) were performed.
Genotyping data was analysed using KlusterCaller software (LGC Genomics).
Low and high temperature treatments
Plants were initially grown in a CER at 20°C (day) and 15°C (night) with a 16-hour photoperiod (lights on between 10:00 and 02:00) and 70 % humidity until Zadoks growth stage 39 (Zadoks et al. 1974; Tottman 1987) when the flag leaf ligule is just visible. They were then transferred to plant growth cabinets under continuous light and exposed to low temperatures (13°C) for seven days (with 70 % humidity) or high temperatures (30°C) for 24 hours (75 % humidity). At 20°C, meiosis takes around 24 hours to complete (Bennett et al. 1971 (Bennett et al. , 1973 . However, high temperatures speed up meiosis and low temperatures slow it down (Bennett et al. 1972) , so the different lengths of the high and low temperature treatments ensured that plants would be exposed to temperature treatments during the period from premeiotic interphase to early meiosis I, when they are most sensitive to temperature stress. It also ensured that the anthers to be sampled would have pollen mother cells (PMCs) containing chromosomes at metaphase I at the end of the treatment period so that synapsis and CO formation could be scored. At 30°C, 24 hours is long enough to ensure meiosis progresses to metaphase I but minimises the time available for adverse effects of high temperature on the plants.
Longer periods of high temperature treatment would have made scoring PMCs more difficult as the chromosomes become sticky (Bayliss and Riley 1972a) . To prevent dehydration during high temperature treatment, plant pots were kept in trays of water. For the high temperature treatments, 1 0 plants were placed into the treatment cabinets at approximately the same time of day, between 10.00 and 11.45am.
Preparation of PMCs for phenotyping
After temperature treatment, anthers were collected from spikes estimated to be undergoing meiosis (when the flag leaf had fully emerged, and the spike length was 4-6 cm long). Anthers were sampled from the first (oldest) 5 tillers only. Using an M80 stereo microscope (Leica Microsystems Ltd., Milton Keynes, UK), anthers were dissected from the two largest florets in each spikelet. Only anthers at metaphase I were scored, so, to determine the meiotic stage, one anther from each floret was stained with acetocarmine and squashed under a cover slip to extrude the PMCs, which were then examined using a DM2000 light microscope (Leica Microsystems). The three anthers within any floret are synchronised in meiotic development, so when PMCs with metaphase I chromosomes were identified, the two remaining anthers from the same floret were fixed in 3:1 (v/v) 100% ethanol:acetic acid, for cytological analysis. Anthers were incubated for at least 24 hours at 4°C before being transferred to 70% ethanol. Fixed anthers were washed with 0.1% sodium dodecyl sulphate for 3-5 minutes, and then hydrolysed with 1M hydrochloric acid for 10 min at 60°C. They were then Feulgen stained with Schiff's reagent and squashed in 45% acetic acid. This allowed the chromosomes to be spread more widely to facilitate scoring of crossover. Images of metaphase I chromosomes were captured using a DM2000 microscope equipped with a DFC450 camera and controlled by LAS v4.4 system software (Leica Microsystems). For each cell, images were captured in up to 8 different focal planes to aid scoring.
Cytological analysis of chromosome crossover
For each plant, 20-30 PMCs were blind scored from digital images. For each cell, the different meiotic chromosome configurations were counted. These were unpaired univalents (0 chiasmata), rod bivalents (1 chiasma), ring bivalents (2 chiasmata), trivalents (2-3 chiasmata), tetravalents (3 chiasmata) and pentavalents (4 chiasmata). Chiasma frequency per PMC was calculated separately for single and double chiasmata (see Fig. 2 for examples of the scored structures).
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Statistical analyses were performed using STATISTIX 10.0 software (Analytical Software, Tallahassee, FL, USA). All treatments were analysed by the Kruskal-Wallis test (nonparametric oneway analysis of variance). Means were separated using the Dunn's test with a probability level of 0.05. Statistical analysis was carried out between temperatures, and between genotypes. Bar charts were plotted using Microsoft Excel (2016).
Immunolocalisation of meiotic proteins ASY1 and ZYP1
To determine when meiosis is disrupted in the low temperature experiments, wild-type and ttmei1
mutant PMCs were immunolabelled with antibodies against the meiotic proteins ASY1 and ZYP1.
PMCs from wild type Chinese Spring and the ttmei1 mutant were embedded in acrylamide pads to preserve their 3D structure, and immunolocalisation of ASY1 and ZYP1 was performed as described previously (Martín et al. 2014 (Martín et al. , 2017 . Anti-TaASY1 (Boden et al. 2009 ) raised in rabbit was used at a dilution of 1:250 and anti-HvZYP1 (Colas et al. 2016 ) raised in rat was used at a dilution of 1:200.
Anti-rabbit Alexa Fluor® 488 and anti-rat Alexa Fluor® 568 (Invitrogen) were used as secondary antibodies.
Image acquisition and analysis
Polyacrylamide-embedded PMCs were optically sectioned using a DM5500B microscope (Leica Microsystems) equipped with a Hamamatsu ORCA-FLASH4.0 camera and controlled by Leica LAS-X software v2.0. Z-stacks were deconvolved using Leica LAS-X software. Images were processed using Fiji, which is an implementation of ImageJ, a public domain program available from http://rsb.info.nih.gov/ij/ (Schneider et al. 2012) .
Dmc1 sequence analysis
Multiple sequence alignment was carried out using ClustalX2 software (Thompson et al. 1997; Larkin et al. 2007 (OsDMC1B).
Results
Phenotyping 5DL terminal deletion lines at low temperatures
To locate the gene(s) responsible for the Ltp1 phenotype, we first needed to narrow down our region of interest on chromosome 5DL. To facilitate this, we exposed five Chinese Spring lines with homozygous terminal deletions of 5DL to 13°C for seven days. All five had normal chromosome pairing at metaphase I. The breakpoints of these deletion lines were mapped using nine 5D-specific microsatellite markers (Fig. 1 ). The mapping results were consistent with the order of the breakpoints on the C-banding maps produced by Endo and Gill (1996) . Line 5DL-1 had the largest terminal deletion. The breakpoint of this deletion lies between the markers Xcfd40 and Xgdm138, the latter being the most proximal marker to be deleted in this line. We inferred from this that the gene 
Identification of a 5DL deletion line with abnormal crossover frequency
A total of 2,444 Chinese Spring M 2 plants were genotyped, initially using 20 KASP markers located in the proximal half of 5DL. This identified 16 plants with deletions in 5DL (Fig. 1) . These deletion lines were all derived from seed irradiated with the higher dose (300Gy) of gamma irradiation. The largest of these deletions (in the mutant line 21-D11) was estimated to be between 16-23 Mb.
All 16 deletion mutants were exposed to 13°C for seven days during premeiotic interphase to early meiosis I. Fifteen plants had normal synapsis at metaphase I, but one deletion mutant, 22-F5, exhibited almost complete crossover failure after low temperature treatment ( Fig. 2e ; Table 1 ; Fig. 3 ).
This deletion mutant also exhibited reduced crossover frequency at 30°C (Table 1 ; Fig. 3 ). We renamed this deletion mutant 'ttmei1' to reflect the fact that it has a deletion of an unknown gene 'TTmei1' (Temperature Tolerant meiosis 1). As the ttmei1 deletion mutant has an identical phenotype to that described for the Ltp1 locus, it suggests that Ltp1 is among the genes that have been deleted in this mutant.
Crossover in ttmei1 mutants at normal temperatures
The ttmei1 mutant plant was self-fertilised and was able to produce M 3 seed, although seed numbers appeared to be lower than that produced by wild-type plants. Further phenotypic analysis was carried out on Chinese Spring wild type and ttmei1 M 3 plants, which were grown under normal temperature conditions or were exposed to 13°C for seven days. Five plants were used for each treatment group.
Statistical analysis identified differences in synapsis and crossover at different temperatures and between the two different genotypes.
At 20°C, in wild-type plants, all chromosomes lined up on the metaphase plate as normal, pairing as bivalents, mostly as rings but with the occasional rod bivalent ( Fig. 2a ). However, at the same 1 4 temperature, the numbers of univalents, rod bivalents and multivalents were significantly higher in the ttmei1 mutant when compared with the wild type, and the numbers of ring bivalents and both single and double crossovers were significantly lower (Table 1) . Although the proportion of ring and rod bivalents was different in ttmei1, the mean number of bivalents (rings + rods) was around 19 as opposed to 21 in the wild type, and the chromosomes were still able to align on the metaphase plate with the exception of the occasional one or two univalent chromosomes ( Fig. 2b) . At 20°C, ttmei1
chromosomes had similar conformations to those observed in N5DT5B plants (Fig. 2c ).
Crossover failure under low temperatures in ttmei1 mutants
The 13°C treatment had no significant effect on wild-type metaphase I chromosomes (Table 2) , which paired mainly as ring bivalents and lined up on the metaphase plate as for normal temperatures ( Fig.   2a and d). However, in the ttmei1 mutant, there were significantly higher numbers of univalent chromosomes at 13°C than at 20°C and significantly lower numbers of ring bivalents and crossovers (Table 2 ; Fig. 4 ). In ttmei1 mutant plants at 13°C, the mean number of univalents per cell was almost 40, whereas in wild-type plants at the same temperature the mean number of univalents was less than one (Table 1 ; Fig. 3 ). In fact, in 60% of ttmei1 PMCs all chromosomes were univalent. Univalents appeared more condensed than other chromosomes and were unable to align on the metaphase plate ( Fig. 2e) . The low chiasma frequency and high numbers of univalent chromosomes in ttmei1 at low temperatures is identical in effect to that described when the whole of chromosome 5D is deleted in N5DT5B, as shown in Fig 2f .
Crossover failure under high temperatures in ttmei1 mutants
Five wild-type and 11 ttmei1 M 3 plants were exposed to 30°C for 24 hours. A higher number of mutant plants were treated because of the wide variation in the data for this group. Chromosome stickiness and clumping was observed in many of the cells at this temperature (Fig. 2i) , which made scoring more difficult than at normal or low temperatures. In wild-type plants, high temperature resulted in significantly higher numbers of rod bivalents and significantly lower numbers of ring bivalents and crossovers than had been observed at 20°C ( Fig. 2g ; Table 2 ; Fig. 4 ). However, these 1 5
differences were much more pronounced in the ttmei1 mutant. In ttmei1 mutant plants there were significantly higher numbers of univalents, rod bivalents and tetravalents at 30°C than at normal temperatures, and significantly fewer ring bivalents and crossovers although the level of univalence was not nearly as pronounced as that at 13°C (Table 2 ; Fig. 4 ). There were also significant differences between the two genotypes at 30°C. For example, the mean number of univalents was 7.85 in ttmei1 mutants but only 0.21 in wild-type plants. It was also observed that many ttmei1
chromosomes did not align correctly on the metaphase plate ( Fig. 2h and i) .
Immunolabelling of PMCs at low temperatures
To investigate when meiosis was being disrupted in the low temperature experiments, wild-type and ttmei1 mutant PMCs were immunolabelled with antibodies against the meiotic proteins ASY1 and ZYP1 to follow the progression of synapsis (Fig. 5 ). ASY1 is part of the lateral elements of the SC, and first appears during premeiotic interphase, before synapsis begins (Armstrong et al. 2002; Boden 2009 ). ZYP1 is part of the central region of the SC, which assembles between the lateral elements (Higgins et al. 2005; Khoo et al 2012) and it is present only where chromosomes are synapsed.
Immunolabelling therefore gives an indication of the level of synapsis achieved at pachytene when the SC is fully established, which enables tracking of the progression of synapsis. Clear differences were detected when comparing ASY1 (green) and ZYP1 (magenta) signals in the wild type and ttmei1 mutant at low temperatures. In wild-type wheat (Fig. 5a ), synapsis proceeds in the same way as it does at normal temperatures: It starts from the telomeres at one pole of the nucleus during early zygotene, and, by pachytene, all chromosomes have synapsed. A very small amount of ASY1 labelling is still visible at pachytene, indicating the small amount of chromatin that has not yet synapsed. In ttmei1 mutants (Fig5b), at early zygotene, ASY1 localises to the chromosome axes in a pattern similar to that observed in wild-type wheat, and synapsis initiates normally at one pole of the nucleus. After early zygotene, chromatin staining with DAPI (4′,6-diamidino-2-phenylindole)
suggests that the ttmei1 PMCs are at pachytene (Fig. 5b) , but the amount of ZYP1 labelling is much lower than in pachytene in the wild-type, indicating that synapsis has been compromised and is not completed. None of the PMCs had a completed synapsis in the ttmei1 mutant.
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Gene content in the ttmei1 deletion region
The ttmei1 deletion was initially mapped to a 16 Mb region of 5DL, between the flanking markers BA00334971 and BA00808441 (Fig. 1) . In this initial analysis, only one KASP marker, BA00822801, was deleted in ttmei1. KASP genotyping of ttmei1 using 25 more markers between BA00334971 and BA00808441, fine-mapped the deletion to a 4 Mb region between BA00798994 and BA00124919 (Fig. 1) . Seven markers were deleted in this region. (Table 3) . We considered a gene to be expressed when its expression level was > 0.5 transcripts per million (TPM) in at least one meiotic sample (Alabdullah et al. 2019 ). Twelve of these eighteen genes are high confidence genes. Detailed expression data (TPM) for all genes in the ttmei1 deletion region is shown in Supplementary Table 1 .
TaDmc1 is a candidate for the Ltp1 phenotype
Of the 18 genes expressed during meiosis in the ttmei1 deletion interval, the strongest candidate for the TTmei1 phenotype is TraesCS5D02G141200, which is the D-genome homeolog of Dmc1
(Disrupted meiotic cDNA 1), which has a known meiotic phenotype, playing a central role in 1 7 homologous recombination. It is a high confidence gene, and its expression level is around ten times higher in meiotically active tissues compared with non-meiotic tissues (averages 26.9 TPM and 2.8 TPM, respectively [Suppl. Fig. 1]) . The other 17 genes in the region are much less likely than
TaDmc1 to be candidates for the TTmei1 phenotype because none of them could be attributed to any known meiotic function, and, although they are expressed during meiosis, expression is proportionally higher in other tissues.
BLAST searches against the Chinese Spring IWGSC RefSeq v1.0 sequence assembly (IWGSC 2018) revealed that there are three homeologs of the Dmc1 gene in hexaploid wheat:
TraesCS5A02G133000 (TaDmc1-A1) on chromosome 5A, TraesCS5B02G131900 (TaDmc1-B1) on 5B and TraesCS5D02G141200 (TaDmc1-D1) on 5D. There are differences in gene expression levels between the three Dmc1 homeologs in meiotic anthers: TaDmc1-A1 has the lowest gene expression levels and TaDmc1-D1 the highest (Suppl. Fig. 1 ).
Dmc1 sequence analysis
The nucleotide sequences of the DNA, the coding sequences (CDs) and the promoter regions of the three TaDmc1 homeologs were compared. The CDs of the A, B and D homeologs are highly conserved (Suppl. Fig. 2 ) with sequence identity ranging between 98.1% and 98.7% (Suppl. Table 2 ).
The DNA sequences are less similar (Suppl. Fig. 3) , with sequence identity ranging from 82.1%
(between A and B homeologs) to 89.0% (between A and D homeologs) (Suppl. Table 2 ). Comparing the promoter regions of each of the three TaDmc1 homeologs showed a large insertion mutation (163 nt in size) at position 430 downstream of the start codon of TaDmc1-B1 (Suppl. Fig. 4 ).
The exon-intron structure of the three TaDmc1 homeologs (Fig. 6a) is conserved in terms of number of exons (14 exons each), however there is variation in intron length between the three homeologs due to large indel mutations mainly in introns 3, 6 and 7 (data not shown). TaDmc1 homeologs have no splice variants. In all three TaDmc1 homeologs, there is an open reading frame of 1035 bp (Suppl. Fig. 2) , which encodes a predicted protein of 344 amino acids (Fig. 6b ). This protein is highly 1 8 conserved between the three homeologs. There are five single amino-acid substitutions between the wheat homeologs, but only one single amino-acid substitution (at position 114) in TaDMC1-D1
(threonine) when compared with TaDMC1-A1 and TaDMC1-B1 (alanine) (Fig. 6b ).
Multiple DMC1 amino-acid sequence alignment was also carried out between the three hexaploid wheat homeologs, barley (Hordeum vulgare) and rice (Oryza sativa Japonica). There is a high level of amino acid sequence conservation between the wheat, barley and rice proteins ( Fig. 6b ) with sequence identity ranging between 95.3 % and 99.4 % (Suppl. Table 2 ). This conservation of aminoacid sequence between the wheat, barley and rice DMC1 proteins has also been reported by Colas et al. (2019) .
Discussion
Chinese Spring wild-type plants and mutant plants with interstitial deletions within 5DL were exposed to seven days of low temperature (13°C) or 24 hours of high temperature (30°C) during the period from premeiotic interphase to early meiosis I. Subsequent microscopic examination of PMCs undergoing male meiosis enabled us to assess the effects of temperature on chromosome synapsis and crossover formation and to identify a candidate gene on 5DL (TaDmc1-D1) that is likely to be responsible for the Ltp1 phenotype.
By exploiting a series of wheat 5DL terminal deletion lines, the Ltp1 locus was initially delimited to the proximal half of chromosome 5DL. Using terminal deletion lines to narrow down our region of interest proved to be a good strategy as we were able to eliminate almost the entire distal half of the chromosome from our investigations. The deletion mapping was refined by screening a population of around 2,500 gamma irradiated plants using 5DL specific KASP markers. Of these, sixteen plants had 5DL deletions. The resources now available, including the Chinese Spring RefSeq V1.0 genomic 1 9 sequence genome assembly, KASP primers from www.cerealsdb.uk.net and the Ensembl Plants database, made the screening and mapping processes much easier and quicker than when a similar approach was used to map the Ph1 locus (Griffiths et al. 2006 ).
Exposure of the 5DL mutant plants to 13°C for seven days identified a deletion mutant, ttmei1 that exhibits extremely high levels of chromosome univalence at low temperatures. This is identical to the Ltp1 phenotype previously described in N5DT5B plants where the whole of chromosome 5D is missing. When grown under normal conditions, ttmei1 plants are not sterile and are able to produce seed; however, seed numbers appeared to be lower than in the wild type. In ttmei1 mutants, chromosome synapsis and crossover are only slightly disrupted at normal temperatures. However, the presence of high numbers of univalents and more rod bivalents than normal in ttmei1 mutants under low temperatures, suggests a major problem with CO formation. Consistent with this, the ttmei1 line exhibits significant abnormalities of synapsis at low temperatures.
In ttmei1 mutants, aberrant chiasma formation was also observed after 24 hours at 30°C, but this was not as pronounced as in the low temperature phenotype. There is high variation in the scores for chiasma frequency between the ttmei1 plants at 30°C. One explanation for this variation could be that plants were placed into the 30°C treatment cabinets at slightly different times of day (10.00-11.45am), so that high temperature treatment may have coincided with temperature sensitive stages of meiosis or premeiosis to a greater or lesser extent. It is also possible that ttemi1 mutants carry a background deletion that has not yet been detected that contains a different gene affecting high temperature tolerance that is segregating with the ttmei1 deletion. We are currently conducting further experiments to understand this variation at high temperature.
The ttmei1mutant carries a 4 Mb deletion of 5DL. Within this deletion interval there are 41 genes, 18 of which are expressed during meiosis. Amongst these genes, the strongest candidate for the low 2 0 temperature pairing phenotype is the meiotic recombination gene TaDmc1-D1. None of the other genes are known to have any meiotic function. Moreover, TaDmc1 is expressed most highly during early prophase I (Suppl . Table 1) , which, in wheat, is when synapsis is initiated at the 'telomere bouquet' stage (Martín et al. 2017) . TaDmc1-D1 is therefore a strong candidate for temperature tolerance at low temperatures and, to a lesser extent, at high temperatures.
DMC1 plays a central role in homologous recombination, SC formation and cell-cycle progression. It is a meiosis-specific protein, structurally similar to the bacterial strand exchange protein RECA (Bishop et al. 1992) . The control of DNA strand exchange during meiotic recombination is vital for sexual reproduction. Homologous recombination is initiated by the programmed formation of DNA double-strand breaks (DSBs) at leptotene. DMC1 and RAD51 (another RECA homolog) form filaments on the single-strand DNA overhangs at DSBs. These filaments facilitate homology search and catalyse strand invasion and strand exchange between homologous chromosomes (Neale and Keeney 2006) . Repair of these interhomolog invasion events results in crossovers or non-crossovers (Reviewed in Lambing et al. 2017) .
Dmc1 homologs are found in a wide variety of organisms. In yeast, dmc1 mutants have defects in reciprocal recombination, fail to form normal SCs, accumulate DSB recombination intermediates and the cells arrest in late meiotic prophase (Bishop et al. 1992) . In mice, dmc1 mutants have defective synapsis which leads to severe sterility also due to prophase arrest (Pittman et al. 1998; Yoshida et al. 1998; Bannister et al. 2007 ). In our wheat experiments, immunolocalisation of ASY1 and ZYP1 showed that at 13°C synapsis was compromised in the ttmei1 mutant and was not completed, with meiosis appearing to arrest before pachytene in late prophase. This is similar to the phenotypes observed in yeast and mice at ambient temperatures. 1
In most diploid plant species, deletion of Dmc1 also leads to sterility (Devisetty 2010) . However, in Arabidopsis thaliana, atdmc1 mutants have a disrupted synapsis with high levels of univalence, resulting in abnormal pollen grain formation and reduced fertility, but plants are not completely sterile because random chromosome segregation allows enough PMCs to reach maturity (Couteau et al. 1999 ). The Arabidopsis genome contains one copy of the Dmc1 gene. In rice (Oryza sativa), there are two Dmc1 homologs, OsDMC1A and OsDMC1B, that probably arose through chromosome duplication (Ding et al. 2001) . A mutation in one or other of these homologs does not cause problems in meiosis, but Osdmc1a Osdmc1b double mutants exhibit serious CO defects, abnormal synapsis, high numbers of univalents at metaphase and are sterile (Wang et al. 2016) . Barley (Hordeum vulgare) carries a single Dmc1 homolog, HvDMC1, and mutations in this gene lead to abnormal synapsis, multiple univalents and chromosome mis-segregation (Colas et al. 2019; Szurman-Zubrzycka et al. 2019 ). Thus, it appears that disruption of the barley orthologue of Dmc1 at normal temperatures leads to a phenotype similar to that of ttmei1 at low temperatures.
There are three copies of Dmc1 in bread wheat: TaDmc1-A1 on 5A, TaDmc1-B1 on 5B and TaDmc1-D1 on 5D. In the hexaploid wheat variety 'Highbury', there are differences in the levels of gene expression between the three Dmc1 homeologs during premeiosis and early meiosis, which suggests that they might contribute to meiotic recombination to differing extents ). This is reflected in our own study in Chinese Spring, where, in meiotic anthers, expression levels of TaDmc1-D1 are higher than those of TaDmc1-A1 and TaDmc1-B1 (Suppl. Fig. 1) .
In Chinese Spring, deletion of the region containing TaDmc1-D1 results in asynapsis at 13°C and it seems highly likely that this gene promotes low temperature tolerance. In the absence of TaDmc1-D1, the TaDmc1-A1 and TaDmc1-B1 alleles are unable to stabilise synapsis at 13°C, at least when present as a single dose. There is only one amino-acid difference between the TaDMC1-D1 protein and the TaDMC1-A1 and TaDMC1-B1 proteins (Fig. 6b ), so this substitution of alanine (a nonpolar amino acid) by threonine (a polar amino acid) at position 114 could account for the differences in 2 2 temperature tolerance, although differences could also relate to expression effects such as arise from differences in the promoter regions (Suppl. Fig. 4 ).
Four other amino-acid differences between the 5A and 5B copies of TaDMC1 may be responsible for previously reported differences in temperature sensitivity when either chromosome 5A or 5B is missing. Previous studies suggest that chromosome 5A has a weak stabilising effect on chromosome pairing at low temperatures and, if present as a double dose, can compensate for a deficiency of chromosome 5D, whereas chromosome 5B cannot , so different dosage of the TaDmc1 alleles may affect the stability of synapsis at low temperatures. It is important that breeders are aware that there could be TaDmc1 alleles in their wheat germplasm that cannot stabilise wheat synapsis at extremes of temperature, and that the effects of these alleles may be masked by the temperature stabilising actions of TaDMC1-D1.
Interestingly, a previous study has shown that some other varieties and subspecies of wheat differ from Chinese Spring in that the gene that stabilises chromosome pairing at low temperatures is located on a chromosome other than 5D (Chapman and Miller 1980) . In the wheat variety 'Hope' and the subspecies spelta, the Ltp1 gene is located on chromosome 5A rather than 5D. It has also been postulated that there are additional Ltp genes on chromosomes 5AS (Ltp2) and 5BS (Ltp3) that also have a stabilising effect on homologous pairing and crossover at low temperatures (Queiroz et al. 1991 ), but high levels of univalence and low chiasma frequencies were only seen after 20 days of cold treatment and at a slightly lower temperature (10°C).
Implications for plant breeding
In the future, breeders face the challenge of producing crops with increasing resilience to environmental stress whilst producing ever higher yields (Steinmeyer et al. 2013) . Global climate models predict that temperatures will continue to increase over the 21st century and that high temperature extremes such as heat waves are likely to occur with a higher frequency and duration (Collins et al. 2013) . It has been estimated that if global temperatures increase by just one degree 2 3 (°C), wheat yields will decrease by 6% (Asseng et al. 2015) . In the main European wheat-growing areas, the occurrence of adverse weather conditions might substantially increase by 2060 resulting in more frequent crop failure (Trnka et al. 2014) . This could threaten global food security since Europe produces almost a third of the world's wheat.
Moreover, the probability of multiple adverse events occurring within one season is projected to increase sharply by mid-century. Cold stress at meiosis could become more common in future years because climate change is expected to result in mild winters and warm springs, which are likely to speed up plant development prematurely, resulting in exposure of vulnerable plant tissues and organs to subsequent late season frosts. This occurred in 2007 when severe low temperatures following a period of above average temperatures caused widespread damage to agriculture in the United States (Gu et al. 2008) . Models also predict an increase in frequency of heat stress at meiosis . Our experiments have shown that even a relatively short period of high temperature at a critical stage of wheat development is sufficient for meiosis to be significantly affected. If current weather trends continue, it will become increasingly important to cultivate both heat tolerant varieties and cold tolerant varieties.
Heat tolerance is thought to be a complex trait in plants and is likely to be under the control of multiple genes (Barnabás et al. 2008 ), but we still know relatively little about the role of individual genes controlling temperature tolerance in wheat (Mullarkey and Jones 2000) . Identification of TaDmc1 as a candidate gene that can stabilise chromosome synapsis against extremes of temperature may allow wheat breeders to exploit this information and can provide markers that will allow them to identify and select hexaploid wheat genotypes that carry low (and high) temperature tolerance alleles at this locus. 
